We report the determination of the diffusion coefficient of Si in crystalline Ge over the temperature range of 550 to 900 °C. A molecular beam epitaxy (MBE) grown buried Si layer in an epitaxial Ge layer on a crystalline Ge substrate was used as the source for the diffusion experiments. For samples annealed at temperatures above 700 °C, a 50 nm thick SiO 2 cap layer was deposited to prevent decomposition of the Ge surface. We found the temperature dependence of the diffusion coefficient to be described by a single activation energy (3.32 eV) and pre-factor (38 cm 2 /s) over the entire temperature range studied. The diffusion of the isovalent Si in Ge is slower than Ge self-diffusion over the full temperature range and reveals an activation enthalpy which is higher than that of selfdiffusion. This points to a reduced interaction potential between the Si atom and the 2 native defect mediating the diffusion process. For Si, which is smaller in size than the Ge self-atom, a reduced interaction is expected for a Si-vacancy (Si-V Ge ) pair. Therefore we conclude that Si diffuses in Ge via the vacancy mechanism.
I. INTRODUCTION
The incorporation of Ge into modern Si based electronics has generated a renewed interest in the detailed understanding of the fundamental properties of Ge. One of the most basic of these properties, and one that is of great importance to the fabrication of electronic devices, is diffusion. The early work of diffusion in Ge focused on dopant diffusion [1] [2] [3] and self-diffusion [4] [5] [6] [7] . Werner, et al., 8 determined a single activation energy of 3.09 eV for self-diffusion in Ge for the temperature range of 535 °C to 904 °C. The impact of doping on Ge self-diffusion revealed an enhanced self-diffusion in n-type material and retarded self-diffusion in p-type material. 6, 9 Additionally, Werner, et al., studied the effect of hydrostatic pressure on self-diffusion and deduced an activation volume smaller than one atomic volume for the defect mediating Ge diffusion. The results of doping and hydrostatic pressure on self-diffusion as well as the excellent agreement between the Ge self-diffusion coefficient and the contribution of vacancies to self-diffusion deduced from Cu diffusion in Ge, 10, 11 provide strong evidence that Ge selfdiffusion is mediated by vacancies in neutral and singly negative charge states.
One element whose diffusion in Ge has received little attention is Si. With the increasing interest to use SiGe epitaxial layers in Si-based integrated circuit technology, the diffusion of Si in Ge and Ge in Si are of fundamental importance. The diffusion of Ge in Si has been studied in greater detail than the diffusion of Si in Ge. 12 The We then compare our results with that of Ge self-diffusion over the same temperature range. This comparison will enable us to draw some conclusions about the defect interactions and mechanisms for Si diffusion in Ge.
II. EXPERIMENTAL
In order to form the structures for our diffusion experiments, a 650 nm thick epitaxial layer of natural germanium was grown on a (001) utilizing the mathematical equation solver Profile. 18 The fitting parameter was the Si diffusion coefficient.
III. RESULTS AND DISCUSSION
The measured SIMS depth profiles along with the best fits to the model are presented in Figure 1 . Several interesting features show up in the depth profiles. First, in Figure 2 to illustrate the effect. The oxygen pile-up is most likely due to an oxygen contamination at the surface. As a result, the oxygen diffuses into the epilayer during annealing and is trapped by the Si, causing the observed pile-up.
Cross-sectional transmission electron microscopy (TEM) was performed on the as-grown sample to determine if structural defects were responsible for the observed features. The TEM images from the as-grown sample are presented in Figure 3 . The only observable feature in the TEM image of the epilayer is a series of clusters at the substrate/epilayer interface. The coefficients for Si diffusion in Ge generated from the fits to the depth profiles are presented in Table I and the temperature dependence is shown in Figure 4 . Also shown in Figure 4 are the temperature dependencies of the previous measurements of the diffusivity of Si in Ge [14] [15] [16] and Ge self-diffusion. 8 The temperature dependence of the data presented in this work can be accurately described with a single activation energy (3.32 eV) and pre-factor (38 cm 2 /s) over the entire temperature range studied. The values from the current work are given in Table II along with the values from literature. From Figure 4 , it is evident that the current work agrees well with the previous measurements of S. Uppal. 16 However the extension of our results to lower temperatures has expanded the range of the Si diffusivity data by 2 orders of magnitude, which provides increased accuracy for the activation enthalpy of Si diffusion. The activation energy and pre-factor obtained for Si diffusion in Ge are both greater than those of self-diffusion in Ge. 8 This yields a diffusivity of Si in Ge that is slower than that of Ge self-diffusion.
The difference between the self-diffusion activation energy and the impurity diffusion activation energy was used by Hu 19 to define the potential between an impuritydefect pair. The smaller activation energy for impurity diffusion yielded an attractive potential between the impurity-defect pair. For Si in Ge, the larger activation energy and slower Si diffusivity point to a repulsive interaction potential. Both dopant and selfdiffusion in Ge are generally considered to proceed via vacancies. Therefore, if vacancies are the main entity controlling the diffusion in Ge our results suggest a 9 repulsive interaction between Si and the vacancy in Ge. This is consistent with the expected effect of the size difference between the Si atom and the Ge host atoms. The substitutional Si is smaller than the Ge lattice atom, resulting in a less attractive interaction with vacancies. This reduced attraction is responsible for the slightly higher activation energy for Si diffusion.
IV. CONCLUSIONS
While there appears to be O contamination in the near surface region, the SIMS results indicate that O remains at the top of the Si layer. This leaves the Si diffusion below that interface free from possible contamination from the oxygen. The depth profiles were accurately described with a single parameter one-dimensional Fick's law diffusion equation and yielded a temperature dependence with a single activation energy over the entire range (6 orders of magnitude in diffusivity). This confirms that the O contamination does not affect significantly the reliability of our data.
The Si diffusion coefficient in Ge is lower than the Ge self-diffusion coefficient for the entire temperature range. The activation energy and pre-factor of Si diffusion are higher than the corresponding data of Ge self-diffusion. The higher activation energy is consistent with a vacancy-assisted mechanism for Si diffusion in Ge. 
